In Saccharomyces cerevisiae most chitin is synthesized by Chs3p, which deposits chitin in the lateral cell wall and in the bud-neck region during cell division. We have recently found that addition of glucosamine (GlcN) to the growth medium leads to a three-to fourfold increase in cell wall chitin levels. We compared this result to the increases in cellular chitin levels associated with cell wall stress and with treatment of yeast with mating pheromone. Since all three phenomena lead to increases in precursors of chitin, we hypothesized that chitin synthesis is at least in part directly regulated by the size of this pool. This hypothesis was strengthened by our finding that addition of GlcN to the growth medium causes a rapid increase in chitin synthesis without any pronounced change in the expression of more than 6,000 genes monitored with Affymetrix gene expression chips. In other studies we found that the specific activity of Chs3p is higher in the total membrane fractions from cells grown in GlcN and from mutants with weakened cell walls. Sucrose gradient analysis shows that Chs3p is present in an inactive form in what may be Golgi compartments but as an active enzyme in other intracellular membrane-bound vesicles, as well as in the plasma membrane. We conclude that Chs3p-dependent chitin synthesis in S. cerevisiae is regulated both by the levels of intermediates of the UDP-GlcNAc biosynthetic pathway and by an increase in the activity of the enzyme in the plasma membrane.
Chitin is a linear polysaccharide composed of ␤(134)-linked N-acetylglucosamine (GlcNAc) residues. In the yeast Saccharomyces cerevisiae, chitin is an important component of the cell wall and septum. Three chitin synthases, Chs1p, Chs2p, and Chs3p, have the same polymerizing activity but deposit chitin at different times and at different locations during the cell cycle. Chs1p is thought to be a repair enzyme that adds chitin to the birth scar on the daughter cell at the end of cytokinesis. Chs2p is responsible for synthesis of chitin in the primary septum. Chs3p deposits chitin as a ring at the base of an emerging bud and is retained by the mother cell (bud scar) after cell division. Chs3p-generated chitin is also deposited in the lateral wall (reviewed in references 7 and 21). When the cell wall is weakened by mutations ("cell wall stress") (41, 42) or otherwise modified, as in treatment with mating pheromones (39, 46) , chitin is deposited in the lateral wall as a reinforcing polymer.
Chs3p synthesizes about 90% of the chitin in S. cerevisiae. Levels of Chs3p are virtually unaltered during the yeast life cycle (9) . However, temporal changes in its subcellular location result from being secreted to and endocytosed from the plasma membrane. Chs3p transits through the endoplasmic reticulum/ Golgi secretory pathway to the plasma membrane early in the formation of a daughter cell. Once the daughter cell is full size, Chs3p is retrieved by endocytosis into "chitosomes," intracellular vesicles related to the trans-Golgi network and early endosomes (22, 59) . Several proteins-Chs4p (Skt5p), Chs5p, Chs6p, and Chs7p-regulate Chs3p enzymatic activity and trafficking through the endoplasmic reticulum to the plasma membrane (reviewed in references 7 and 44). Loss of any of these proteins results in a reduction of the chitin concentration in the cell wall to levels comparable to those observed when Chs3p itself is absent. Chs4p serves a dual role of binding with Chs3p to form an active complex and localizing the active complex to the bud-neck region by also binding to the septin ring through Bni4p (13) . The resulting synthesis of a ring of chitin reinforces the bud-neck region during cell division. For vegetatively grown cells, the amount of Chs4p is limiting and therefore impacts chitin synthesis by its availability to complex with Chs3p (38) . Chs7p is involved specifically in the exit of Chs3p from the endoplasmic reticulum (51) . Chs5p and Chs6p have been identified as components required for transport of secretory and/or endocytic vesicles to the plasma membrane (45, 52, 60) . The clathrin AP-1 complex has recently been shown to also be important in the process of retrieval of Chs3p by endocytosis and its recycling into the secretory pathway (52) .
Information concerning the molecular activation and trafficking of Chs3p to the sites where it produces chitin is emerging, but details remain to be elucidated. Data from our laboratory and other groups show that chitin levels in S. cerevisiae increase in response to (i) treatment of mating-type a cells with ␣-factor, a mating pheromone (39, 46; this study), probably as a result of modifications of cell wall architecture in preparation for mating; (ii) mutations resulting in impairment of cell wall integrity, e.g., gas1, fks1, kre6, mnn9, and knr4 mutations (16, 28, 40, 41, 42 ; this study); or (iii) addition of glucosamine (GlcN) to the growth medium, probably as a result of an increased intracellular pool of metabolites (2; this study).
Chitin passes through the plasma membrane to the extracellular cell wall by the polymerizing activities of chitin synthases with UDP-GlcNAc as a substrate. Biosynthesis of UDPGlcNAc from glucose, however, takes place in the cytosol. Fructose-6-phosphate is converted to GlcN-6-phosphate (GlcN-6-P) by GlcN-6-P synthase (encoded by GFA1), which is then acetylated by GlcN-6-P acetyltransferase (encoded by GNA1) to GlcNAc-6-P, followed by the conversion of the latter to GlcNAc-1-P, a reaction catalyzed by acetylglucosamine phosphomutase (encoded by AGM1 [PCM1]). The synthesis of UDP-GlcNAc from GlcNAc-1-P and UTP is catalyzed by UDP-GlcNAc pyrophosphorylase (encoded by UAP1 [QRI1]). Where chitin levels have been shown to increase following ␣-factor treatment, transcriptional profiling has revealed that GFA1 and AGM1 are up-regulated; GNA1 and UAP1 transcript levels remain unchanged. All four genes encoding enzymes involved in UDP-GlcNAc biosynthesis are up-regulated to various degrees during meiosis and sporulation, when new chitin is synthesized for the spore wall (YPD Database [http: www.incyte.com/control/researchproducts/insilico/proteome]; KEGG Metabolic Pathways [www.genome.ad.jp/kegg/pathway/map/map00530.html]). It is now recognized that this pathway is highly regulated in yeast and in higher eukaryotes, since UDP-GlcNAc serves as a donor nucleotide sugar for at least four groups of compounds: N-linked glycans, glycosylphosphatidylinositol (GPI)-anchored proteins, chitin, and glycolipids. Treatment of yeast cells with ␣-factor causes a three-to fivefold increase in the chitin level, associated with an increase in the level of the UDP-GlcNAc precursor pool (39, 46) . Gfa1p, the first enzyme in the pathway, is a key step in UDPGlcNAc biosynthesis; it is regulated at the transcriptional and posttranscriptional levels. Its activity increases in the yeast Candida albicans during hyphal growth (36) and in S. cerevisiae during mating, which correlates with an increase in chitin formation (54) . The enzyme is inhibited by UDP-GlcNAc in C. albicans (36) , Drosophila melanogaster (20) , and bacteria (26) . Gfa1p activity is regulated by a protein kinase(s); the protein kinase A-dependent phosphorylated form of Gfa1p appears to have a higher activity than the unphosphorylated protein (20, 57) . Protein phosphatase I, encoded in Saccharomyces by GLC7, is a strong repressor of GFA1 transcription. When Glc7p activity is blocked, GFA1 transcription increases (57) .
In this paper we report our recent findings on the factors that contribute to the regulation of chitin synthesis. We studied a number of single and double mutants, which elevate or decrease chitin levels, and examined the effect on chitin levels of addition of GlcN or ␣-factor to the growth medium. We show here that there is a direct correlation between Gfa1p activity, the pool of metabolic intermediates, and chitin synthesis. Finally, since the increase in chitin levels associated with treatment of wild-type cells with GlcN is similar to the increase in chitin levels associated with the cell wall stress response, we investigated the relevant whole-genome transcription responses.
MATERIALS AND METHODS
Yeast strains used in these studies. Strains of S. cerevisiae either were made by the Saccharomyces Genome Deletion Project (55; www-deletion.stanford.edu /cgi-bin/deletion/search3.pl) and are available from Research Genetics, a division of Invitrogen (San Diego, Calif.), or were from our stock collection as described in Table 1 . Mating, sporulation, and tetrad dissection were carried out by standard methods. Due to the poor sporulation of diploids derived from the Research Genetics strains, conditions were modified as described by L. Riles and M. Curtiss in "Sporulation Method for BY4743" (www-sequence.stanford.edu/ group/yeast_deletion_project/spo.html). Media used were YPD medium (1% Bacto Yeast Extract, 2% Bacto Peptone, 2% glucose) and SD minimal medium (0.7% Bacto Yeast Nitrogen Base without amino acids, 0.2% SCM supplement [Bufferad, Inc., Lake Bluff, Ill.], 2% glucose) with or without 1.5% agar.
␣-Factor induction. MATa haploid strains were shaken overnight in YPD medium at 30°C, diluted 1:100 into fresh YPD medium (optical density at 600 nm [OD 600 ], 0.1), and grown 4 h to an OD of 0.4 to 0.5, at which time the medium was adjusted to contain 5 M ␣-factor (Sigma-Aldrich, St. Louis, Mo.). At hourly intervals after the addition of ␣-factor, an aliquot of cells was harvested as described below to determine the chitin content.
Measurement of the chitin content of cells. The Morgan-Elson method (29) for colorimetric determination of GlcNAc was adapted for microplate readers in measurements of cellular chitin levels. Cultures for chitin determination were made from those initially grown to stationary phase in liquid YPD medium and then diluted 1:100 in fresh medium and incubated at 30°C with shaking for 18 to 22 h. Typically, 1 ml of culture was spun in a tared microcentrifuge tube and then washed once with 1 ml of water, and all residual liquid was removed from the pellet to yield 10 to 25 mg (wet weight) of cells. The cells were suspended in 0.5 ml of 6% KOH and heated at 80°C for 90 min. Samples were centrifuged at 20,000 ϫ g for 10 min, and the supernatant was discarded. The pellet was suspended in 1 ml of phosphate-buffered saline and spun again, and the buffer was discarded. Each pellet was suspended in 0.1 ml of McIlvaine's buffer, pH 6.0, and 5 l of purified Streptomyces plicatus chitinase-63 (5 mg/ml in phosphatebuffered saline) was added to hydrolyze chitin to GlcNAc; samples were incubated for 24 h at 37°C. Ten microliters of 0.27 M sodium borate, pH 9.0, and 10 l of sample supernatant were combined in 0.2-ml PCR tubes. Samples were heated in a thermocycler (Techne Inc., Princeton, N.J.) to 99.9°C for about 60 s, mixed gently, and incubated further at 99.9°C for 10 min. Immediately upon cooling to room temperature, 100 l of freshly diluted DMAB solution (Ehrlich's reagent, consisting of 10 g of p-dimethylaminobenzaldehyde in 12.5 ml of concentrated HCl and 87.5 ml of glacial acetic acid, diluted 1:10 with glacial acetic acid) was added to samples, which were incubated at 37°C for 20 min. Seventyfive microliters was transferred to 96-well low-evaporation microtiter plates, and absorbance at 585 nm was recorded. Standard curves were prepared from stocks of 0.2 to 2.0 mM GlcNAc.
Preparation of cell extracts for enzyme measurements. Yeast cells were grown in standard YPD medium at 30°C and harvested in the logarithmic phase (OD 600 , 1.5 to 2.0) by centrifugation at 1,800 ϫ g for 10 min. Cells were resuspended in a buffer (60 mM potassium phosphate [pH 7.0], 1 mM EDTA, 1 mM dithiothreitol) in the presence of fungal protease inhibitors (40 l/20 ml of buffer) (Sigma-Aldrich) and disrupted with 425-to 600-m-diameter beads (Sigma-Aldrich) in 2-ml flat-bottom screw-cap tubes in a Mini-Bead Beater-8 Cell Disrupter (Biospec Products, Bartlesville, Okla.) at the maximum power in three 1-min cycles, with 4 min on ice between cycles. Broken-cell extracts were either immediately frozen in liquid nitrogen and stored at Ϫ80°C for future use or centrifuged at 1,800 ϫ g for 10 min at 4°C. The resulting supernatant was collected and subjected to a 30-min centrifugation at 20,000 ϫ g. The final supernatant was collected and used immediately to assay for Gfa1p activity.
Assay for Gfa1p (EC 2.6.1.16) activity. The activity of Gfa1p (GlcN-6-P synthase) was assayed as described previously with modifications (19) . The reaction mixture contained the following: 15 mM fructose-6-phosphate, 10 mM L-glutamine, 1 mM EDTA, 0.5 mM phenylmethylsulfonyl fluoride, 1 mM dithiothreitol, and 50 mM potassium phosphate (pH 6.5). Addition of 5 to 10 l of the enzyme to a final volume of 50 l started enzymatic reactions. Tubes were incubated at 30°C for 30 min, and heating at 100°C for 2 min terminated the reaction. Amounts of GlcN-6-P formed were determined by a modified MorganElson procedure (29) . Portions (10 l) of the reaction mixture were transferred to PCR strip tubes, and 4 l of 5% acetic anhydride in acetone was added to each tube and incubated for 3 min at room temperature, followed by addition of 14 l of 0.33 M potassium tetraborate, pH 9.0, and incubation at 99.9°C for 10 min in a thermocycler (Techne Inc.). Color was developed by addition of 140 l of Ehrlich's reagent and heating for 20 min at 37°C and was recorded at 590 nm. GlcN-6-P (Sigma-Aldrich) was used to generate a standard curve. Assays were VOL. 2, 2003 CHITIN SYNTHESIS IN S. CEREVISIAE 887 performed in triplicate in two independent preparations. The reaction was shown to be linear with respect to time and enzyme concentration. Specific enzyme activity is expressed as micromoles of GlcN-6-P formed per minute per milligram of protein.
Gfa1p overexpression in a gfa1 deletion mutant. A haploid strain with the gfa1 deletion was obtained by sporulation of a GFA1/gfa1 diploid strain (24954). Because the gfa1 deletion is lethal, progeny (BY4741 gfa1⌬) were identified as auxotrophic for GlcN and were maintained in liquid and solid media supplemented with 5 mM GlcN. A DNA fragment containing the GFA1 gene with 600 bp upstream of the open reading frame (ORF) was amplified by PCR from the yeast genomic DNA by using forward primer 5Ј-GAGCTCGAATTCGGCGAG TTGTGA-3Ј and reverse primer 5Ј-TTATTCGACGGTAACAGATTTAGCC-3Ј. The PCR product of 2,936 kb was directly cloned into the high-copy-number yeast vector pYES2.1 TOPO TA (Invitrogen). Standard methods were used for transformation of Escherichia coli and for preparation of plasmid DNA. Competent cells of strain BY4741 gfa1⌬ were transformed chemically by using the Frozen-EZ Yeast Transformation II kit (Zymo Research, Orange, Calif.). Positive clones were selected on YPD agar medium, on which only cells expressing functional Gfa1p can grow.
Measurements of intracellular UDP-GlcNAc. YPD medium (20 ml) was inoculated with overnight cultures to an OD 600 of 0.4 to 0.6, and cultures were then grown for 5 to 7 h at 30°C to an OD 600 of 1.8 to 2.3. Cells were harvested by centrifugation for 5 min at 1,800 ϫ g at room temperature and were flash-frozen by adding 20 ml of 100% methanol chilled to Ϫ20°C. Cells were either used immediately for metabolite extraction or kept frozen in methanol at Ϫ80°C (4). Cells were centrifuged for 10 min at 1,800 ϫ g and Ϫ10°C, and the supernatant was removed by aspiration. Metabolites were extracted from cell pellets in 2 ml (for every 20 ml of the original culture) of 1 M formic acid saturated with 1-butanol at 4°C for 1 h. Cells were then centrifuged, and supernatants were collected and lyophilized. Cell pellets were washed twice with water, collected, and weighed to determine wet weights of cells. The lyophilized supernatant was dissolved in 100 l of 200 mM Tris base (pH was monitored by pH indicator paper, and Tris base was added if needed to obtain a pH of 8). Samples were incubated with 100 U of alkaline phosphatase (New England Biolabs, Beverly, Mass.) overnight at 37°C. Protein was precipitated with 50% ethanol, samples were centrifuged for 10 min at 20,000 ϫ g, and the supernatant was collected and dried by lyophilization. Dried samples were reconstituted in 200 mM citrate phosphate buffer (pH 4.0) in a volume of buffer that was 10 times greater than the wet weight of the cells.
Twenty microliters of each sample was loaded onto a normal-phase, Ultrasphere-amide (-NH 2 ) (4.6-by 250-mm) column (Beckman Coulter, Inc.) and eluted in a narrow gradient (60 to 50% [vol/vol]) of acetonitrile in 5 mM citrate phosphate buffer (pH 4.0) at a flow rate of 0.5 ml/min. Nucleotides and nucleotide sugars were detected at 254 nm. UDP-GlcNAC (Sigma-Aldrich) was used as a standard to calculate the amounts of UDP-GlcNAc in cell extracts.
Preparation of total cell membrane and sucrose gradient fractionation. Yeast cells were inoculated from the fresh overnight cultures and grown in 400 ml of YPD medium (supplemented with 23 mM GlcN where indicated) at 30°C with vigorous shaking to an OD 600 of 1.5 to 2.0. Cells were harvested by centrifugation at 1,800 ϫ g and 4°C, washed in ice-cold breaking buffer (50 mM Tris buffer [pH 7.5]-1 mM EDTA), and resuspended in 30 ml of breaking buffer with 65 l of fungal protease inhibitor cocktail (Sigma-Aldrich). Cells were mechanically disrupted by being subjected to high pressure (1,200 lb/in 2 ) three times in a French press (Spectronic Instruments, Rochester, N.Y.). The broken-cell extract was then centrifuged for 10 min at 1,800 ϫ g (4°C) to remove cell walls and unbroken cells. The supernatant was collected, and the total membrane fraction was isolated by centrifugation for 2 h at 100,000 ϫ g. The pellet was resuspended in approximately 1 ml of 50 mM Tris buffer (pH 7.5); protein concentration was measured by the method of Lowry et al. (32) . The total membrane fraction was centrifuged for 10 min at 13,000 ϫ g to separate the plasma membrane (pellet) from the subcellular organelles (supernatant). One milliliter of the supernatant (10 to 15 mg of protein) was loaded on a 25-ml discontinuous sucrose gradient (12.5 to 50%) and centrifuged for 3 h at 100,000 ϫ g (55.2 Ti rotor; Beckman). One-milliliter fractions were collected from the top of the gradient, protein content was determined with a Bradford reagent, and chitin synthase 3 (CSIII) activity was determined as described below.
Determination of CSIII (Chs3p) activity. CSIII activity was measured by a colorimetric assay in 96-well microtiter plates as recently described by Lucero et al. (33) .
Gene expression analysis. An overnight culture of parental strain BY4741 grown in YPD medium was diluted 50-fold in fresh YPD medium and grown on an orbital shaker for 2 or 3 h; then GlcN was added to a final concentration of 15 mM. Cells were grown in GlcN for 1 to 2 h to an OD 600 of 1.6 to 1.8 and were harvested by centrifugation. Alternatively, cell cultures grown in GlcN (15 mM) overnight were diluted 1:50 into fresh YPD medium supplemented with GlcN, allowed to grow to mid-log phase (OD 600 , 1.6 to 1.8), and harvested by centrifugation. The fks1 mutant strain (5251) was grown similarly in YPD medium.
Total RNA was isolated by a hot phenol procedure (47) . Target probe preparation was carried out according to the Affymetrix (Santa Clara, Calif.) Gene Expression technical manual. Briefly, first-strand and double-stranded cDNA were synthesized from total RNA (10 to 40 g) (SuperScript II RT). cDNA was converted to biotinylated cRNA by in vitro transcription containing T7 RNA polymerase (Enzo Biochem). The cRNA product was cleaned up on RNeasy spin columns (Qiagen, Valencia, Calif.) followed by spectrophotometric quantitation (UV ϭ 260 nm) and by gel electrophoresis. About 20 g of cRNA was fragmented to yield 35-to 200-base fragments before hybridization. RNA probes were hybridized to the entire yeast genome microarray (YG-S98; Affymetrix) for 16 h at 45°C. After being washed in a nonstringent and a stringent wash buffer, the probe arrays were stained with streptavidin phycoerythrin in the GeneChip Fluidics Station and scanned with the Affymetrix GeneChip Scanner according to the manufacturer's instructions. Following data acquisition, the scanned images were quantified by using Microarray Suite 5.0 (MAS 5.0) software (Affymetrix) yielding a signal intensity for each probe on the GeneChip. The signal intensities from the 22 probes for each gene were then used to determine an overall expression level, a detection confidence score, and a present-or-absent call according to algorithms implemented in MAS 5.0 software. The arrays were then linearly scaled to an average expression level of 500 U on each chip in MAS 5.0. For each gene, the fold change and statistical significance of differential expression were calculated. The fold change was calculated using the average signal from the two groups.
Other methods. Protein levels were determined on microtiter plates by using the bicinchoninic acid protein reagent (Pierce Biotech. Inc., Rockford, Ill.) or by the Bradford method (Bio-Rad Laboratories, Hercules, Calif.) when samples containing high sucrose concentrations were assayed. Gel electrophoresis was carried out on sodium dodecyl sulfate-10% polyacrylamide gels under reducing conditions. Protein was transferred to polyvinylidene difluoride membranes, blocked in 5% milk, and probed with a polyclonal antibody against a 17-mer peptide from the N terminus of Chs3p, monoclonal antibodies to Pep12p, Vma2p, and Pho8p (Molecular Probes, Eugene, Oreg.), and a polyclonal antibody against Pma1p (a gift from R. Serrano, Universidad Politecnica de Valencia-CSIC, Valencia, Spain). Western blots were developed with Chemiluminescence Reagent Plus (Perkin-Elmer, Boston, Mass.). Films were scanned in a Fluor-S MultiImager (Bio-Rad) and subjected to densitometry, and quantitation was carried out with Quantity One software (Bio-Rad). GDPase (Gda1p) activity was measured as previously described (56) .
RESULTS
Chitin synthesis in response to cell wall stress. We have begun a survey of full-ORF-deletion strains for their chitin content, concentrating principally on those available through Research Genetics. This has minimized genetic background effects and made possible a ranking of the effects of gene loss on chitin synthesis. It has also avoided complications that would remain undefined if strains had genes mutated by other means. Work in several laboratories, including our own, has shown that mutations that affect cell wall structure and integrity lead to extensive deposition of chitin in the lateral wall (11, 28, 41, 42 ; this study). Some typical results for chitin levels in cells with defects in glucan or mannan synthesis or in cell wall cross-linking are shown in Fig. 1 . It is also apparent from this preliminary survey that deletions of genes that impact endocytosis and/or retention of Chs3p in intracellular vesicles yield strains that have high chitin contents. This suggests that Chs3p is being retained at the plasma membrane and/or that more Chs3p is being directed to the plasma membrane in these strains. It is also reasonable to consider that cells respond to cell wall stress by redirecting their intracellular pools of Chs3p. The knr4 deletion is not categorized in Fig. 1 because the function of Knr4p is not well defined. An extensive list of chitin measurements in other Saccharomyces mutants may be found on our laboratory website (http://dentalschool.bu.edu/research /molecular-faculty/supplemental.html).
Genomewide transcriptional profile of the fks1⌬ strain. Although our major effort in transcriptional profiling was concerned with the study of GlcN supplementation (see below), we also carried out a briefer profiling of the fks1 strain and compared our results with those reported in other publications (Table 2 ). Jung and Levin (24) used miniarray filters to compare expression profiles of 6,144 ORFs encoded by the yeast genome in response to the cell wall integrity pathway. Rather than using a cell wall mutation to create stress conditions, they compared wild type cells with cells bearing a gain-of-function allele of MKK1, which encodes a key-enzyme in the cell wall integrity pathway (1, 30) (see Discussion). Terashima et al. (50) used high-density gene microarrays to identify up-regulation of genes in the fks1 strain. They then fused the 800 bp of the 5Ј noncoding region from each gene to E. coli lacZ, introduced plasmids containing these constructs into wild-type cells The most noticeable effect in our studies and those of others (24, 49) is the strong induction of cell wall integrity genes, which either are directly induced by the stress-related transcription factor Rlm1p (PIR3, YLR194C, CRH1, CWP1, CHS3, CHS7, YKL161C, SLT2, PTP2, PRM5, and PST1), have a putative Rlm1p binding site(s) (YPS3, KTR2, DFG5, YAL053W, YBR071W, BOP1, and GFA1), or are transcriptionally coregulated with other proteins involved in aging, the cell cycle, the cell wall, the cytoskeleton, glycolysis, or endocytosis (SRL3, AFR1, PRY2, and MCH5) (YPD Database) ( Table 2) . RLM1 itself is also activated in our studies. Although details differ, probably as a result of the very different methodologies used, the above studies give similar pictures ( Table 2 ). All studies show a strong induction of genes for cell wall proteins such as PIR3, CRH1, CWP1, and YLR194C. Our study, that of Terashima et al. (50) , and the Hughes compendium (23) also show very strong induction of YPS3, which encodes a GPI-anchored aspartyl protease and, to a lesser extent, induction of the related gene YPS6. All studies also demonstrate the expected induction of the alternative glucan synthase gene FKS2 and chitin synthase genes. It is interesting that both CHS3 and CHS7 are induced in the fks1 strain. Chs7p has been shown to be responsible for the export of Chs3p from the endoplasmic reticulum, and increased Chs3p levels at the cell surface require induction of both genes (51) . Our results and those of Terashima et al. (50) also show induction of KTR2, a mannosyltransferase gene associated with stress and pseudohyphal growth (34) . Among the interesting genes in this "other proteins" category are PST1, encoding another GPI-anchored cell wall protein, and PTP2, encoding a phosphatase which probably is involved in maintaining homeostasis in the cell wall integrity pathway (35) . In addition, our data confirm the transcriptional up-regulation of GFA1, a key regulatory enzyme in the UDP-GlcNAc biosynthetic pathway (see below), in agreement with other reports (28, 50) . Interestingly, treatment of cells with the ␣-factor pheromone for 120 min (Hughes compendium) similarly up-regulates most of the genes identified in Table 2 ; only two genes (YBR071W and SVS1) are clearly down-regulated by pheromone treatment. This supports the idea that cell wall remodeling induced by pheromones may in fact occur partly in response to cell wall stress (25) .
Role of metabolic precursors in the regulation of chitin synthesis. The concept that metabolic intermediates leading to UDP-GlcNAc play an important regulatory role in chitin synthesis was developed from the early studies of Cabib and coworkers, who showed that in vitro, chitin synthesis was strongly stimulated by GlcNAc (6) . Seminal in vivo evidence came from studies by Schekman and Brawley (46) and Orlean et al. (39) of the extra chitin synthesis that occurs when mating-type a cells are treated with the pheromone ␣-factor, a phenomenon probably related to chitin synthesis in response to cell wall stress. Orlean et al. (39) found that treatment with ␣-factor led to a rapid four-to fivefold increase in the pool of soluble chitin precursors, followed by a three-to fivefold increase in the rate of chitin synthesis. In our studies we observed that wild-type cells treated with the ␣-factor for 3 h had about a fivefold increase in chitin content. No such effect was observed in a chs3 strain, where the chitin level remained unchanged. When chs6 cells were exposed to ␣-factor, chitin levels increased slightly over those in untreated cells, suggesting that there is an alternative, Chs6p-independent chitin deposition in the lateral cell wall (Fig. 2) . Transcription profiling studies of cells treated with ␣-factor have shown substantial increases in the transcription of GFA1 and AGM1 mRNAs, encoding two of the four enzymes in the UDP-GlcNAc biosynthetic pathway. An increase in the transcription of all four genes accompanies meiosis and sporulation, when chitin synthesis is required for spore wall formation (48) . Special attention has recently focused on the regulatory role of Gfa1p (28) .
Gfa1p activity in wild-type and mutant strains. The first reaction in the chitin synthesis pathway is the formation of GlcN-6-P from fructose-6-phosphate and glutamine, catalyzed by Gfa1p. In an extensive study, Lagorce et al. (28) demon- strated that the chitin metabolic pathway is impressively hierarchical, dominated by the cellular Gfa1p level. Some of our own measurements of Gfa1p enzymatic activity in wild-type and mutant strains are shown in Fig. 3 . In agreement with the results of Lagorce et al. (28) , we find that while the correlation between the cell wall stress-related transcriptional activation of GFA1 and the rise in chitin synthesis is impressive, it is not strictly quantitative, suggesting that additional factors are involved. It is interesting that the chs3⌬ and chs4⌬ strains, which are unable to synthesize ring or lateral wall chitin, still express a somewhat increased level of Gfa1p activity, possibly reflecting cell wall stress and increased GFA1 transcription even in the absence of extensive chitin synthesis. It is possible that accumulation of intermediates as a result of lack of chitin synthesis may moderate the level of the enzyme activity. If the Gfa1p or the precursor pool plays a direct or indirect role in chitin synthesis, then increasing the enzyme and/or precursor pool by overexpressing GFA1 should give rise to extra chitin deposition. In fact, we found that when GFA1 was expressed on a multicopy plasmid with its own promoter, cellular chitin levels increased from the normal level of 4 to 5 nmol of GlcNAc per mg of cells to 14 nmol, which directly correlated with the ϳ4-to 5-fold increase in Gfa1p activity under these conditions. These results are in agreement with those of Lagorce et al. (28) , who also made the observation that simultaneous overexpression of GFA1, CHS3, and CHS7 leads to about the same amount of chitin synthesis as when GFA1 alone is overexpressed.
Chitin synthesis response to GlcN supplementation. The increase in chitin synthesis that occurs in response to GFA1 overexpression is probably not a response to cell wall stress. It may represent a bypass of the stress response, i.e., stress may normally lead first to stimulation of GFA1, which in turn stimulates chitin synthesis directly or indirectly (see Discussion for an analysis of this hypothesis). If this is the case, then increasing the GlcN-6-P pool by simply adding GlcN to the growth medium might also lead to increased chitin synthesis. It has been shown that GlcN can readily be taken up and phosphorylated by S. cerevisiae (2) . Typical results are shown in Fig. 4A . The chitin content of cells treated with GlcN (0 to 23 mM in YPD medium) increases from 4 to 5 nmol of GlcNAc per mg (wet weight) to about 14 nmol. GlcN concentrations higher than 23 mM in the medium have a toxic effect on cells. We also measured the rate of chitin synthesis in yeast cells exposed to 15 mM GlcN over time (Fig. 4B) . There was no apparent lag in chitin synthesis, as chitin levels nearly doubled in the first hour. After 4 h, chitin content approached its new steady-state level, as found for cells grown overnight with GlcN. Upon examination by fluorescence microscopy using Calcofluor to stain chitin, large budded cells as well as mother cells showed increased fluorescence in their lateral walls following culture in 15 mM GlcN (data not shown).
Cells grown overnight with 15 mM GlcN usually have wet weights 21 to 25% lower than parallel WT cultures (data not shown). In order to determine the source of this difference, we measured the cell growth rate by OD 600 , performed cell counts, and also measured the dry weight of cells. ODs and numbers of cells were comparable in cells grown in the presence and absence of GlcN, indicating that 15 mM GlcN does not inhibit the rate of cell growth. Furthermore, the dry weights of these two sets were comparable, suggesting that the difference in the wet weights should probably be attributed to water content. Thus, for reasons we do not yet understand, cells grown in the presence of GlcN appeared to retain less water.
GlcN is presumed to enter cells by way of hexose transport systems and to be phosphorylated by hexokinase(s). The resulting GlcN-6-P is a normal intermediate in the chitin synthe-FIG. 2. Effect of ␣-factor on chitin content. Addition of 5 M ␣-factor to MATa cells cultured in liquid YPD medium at 30°C causes a rapid increase in the level of chitin, which is synthesized by Chs3p. Three wild-type (WT) strains (PRY242, PRY488, and PRY88.1D) were analyzed, and their chitin contents were averaged. These were compared to the responses of a chs3⌬ strain (PRY533) and a chs6⌬ strain (PRY408).
FIG. 3.
Gfa1p activity in wild-type (WT) and mutant strains. The specific activity of Gfa1p was measured in a soluble, cytosolic fraction of cells grown in YPD medium at 30°C to mid-log phase. Strains studied were BY4741, 5251 (fks1), 897 (gas1), 2778 (mnn9), 4406 (och1), 3160 (chs3), and 3087 (chs4). Cells were treated with 5 M ␣-factor for 4 h. Cell extracts were prepared in three independent experiments, and activity measurements were carried out in duplicate.
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BULIK ET AL. EUKARYOT. CELL sis pathway, and the increased levels of metabolic intermediates must initiate the increased chitin formation observed. GlcNAc, on the other hand, either is not transported into the cell or is not phosphorylated. GlcN supplementation also increased chitin levels in various cell wall mutants, as shown in Fig. 5A . In some cases the amount of chitin increased to nearly 10 times the normal wildtype level. In these cases, chitin constituted as much as 20% of the cell wall mass. We have not noted any decrease in the viability or growth rate of these cells. Considering also the minimal amount of chitin in, for example, a chs3⌬ strain (relative to the maximum observed upon GlcN supplementation), it is clear that S. cerevisiae readily adapts to a Ͼ50-fold change in cell wall chitin levels.
Chitin levels in chs3⌬, chs4⌬, and chs5⌬ mutants and some double-mutant strains are shown in Fig. 5B . It is obvious that the increase in chitin synthesis brought about by addition of GlcN to the medium is mediated by Chs3p, since chs3 and chs4 deletion mutants produce almost no chitin, whether cells are exposed to GlcN or not. Previous results (40) suggested that the increased lateral wall chitin synthesis associated with an fks1 glucan synthase mutation could "bypass" loss of Chs6p, a factor required for targeting of chitosomes to the plasma membrane. For reasons that are still unclear, we were unable to
FIG. 4. (A)
Effect of GlcN addition on chitin level. Addition of GlcN to wild-type cells cultured in YPD medium at 30°C for 18 to 22 h caused a concentration-dependent increase in chitin levels. Addition of GlcNAc had no effect on chitin levels. Each data point is the combined average of the chitin determinations for strains BY4741 and BY4742. (B) The rate of chitin synthesis of a wild-type (WT) strain (BY4741) was measured during growth in YPD medium at 30°C in the presence and absence of 15 mM GlcN. Aliquots of cells were withdrawn at 1-h intervals for chitin determinations. restore a chs6 mutant phenotype to the chs6 fks1 mutant strain used in that study by making a chs6/chs6 FKS1/fks1 diploid. We have therefore turned to studies with standard Research Genetics deletion strains (Table 1) for clarification. As can be seen, the presence of the fks1 deletion with the chs6 deletion causes chitin levels to increase somewhat over those with chs6⌬ alone; similarly, the gas1 deletion produces a larger increase. The stimulation of chitin formation by the gas1 mutation is even more pronounced in a chs5⌬ strain. The level of chitin synthesis in these double mutants is still consistent with an active role for Chs5p and Chs6p in lateral wall chitin synthesis, as reported recently by Carotti et al. (8) . Cellular UDP-GlcNAc levels. To further explore the role of the precursor pool in chitin synthesis by Chs3p, the levels of UDP-GlcNAc in several cell wall mutants were quantitated. Soluble components were extracted from the cytosol of logarithmically growing cells with formic acid. Extracted metabolites were incubated with alkaline phosphatase to remove phosphomonoester intermediates. This treatment reduces the complexity of the high-pressure liquid chromatography profile, since diester-linked metabolites are limited to nucleotide sugars and a few coenzymes. Figure 6 shows the levels of UDPGlcNAc in cells grown in complete medium alone and with added GlcN. In each case the level was measured three to five times, and the values were consistent. Surprisingly, similar levels of UDP-GlcNAc were also found in cultures grown to saturation overnight.
An obvious question is whether chitin synthesis is proportional to, or is in any way "driven" by, the cellular UDPGlcNAc level. The data show that this is not the case. Although we and Lagorce et al. (28) found that chitin synthesis is proportional to the cellular level of Gfa1p, the enzyme responsible for the formation of GlcN-6-P, it is clear that UDP-GlcNAc concentrations are increased to only moderately higher levels in mutant strains that are making more than twice as much chitin as wild-type cells. More dramatically, when chitin synthesis is driven not by Gfa1p but by added GlcN, the level of UDP-GlcNAc is actually lowest in cells that show the highest rate of synthesis. It is thus clear that the UDP-GlcNAc concentration alone does not control the rate of chitin formation. In summary, since chitin synthesis is proportional to Gfa1p but not to UDP-GlcNAc concentrations, it is likely that either Gfa1p itself or another GlcN metabolite plays a role in the activation and/or localization of Chs3p. However, the recent results of Valdivia et al. (52) show that control of Chs3p targeting may be complex and subject to secondary mutations. These investigators demonstrated that mutations in proteins of the clathrin AP-1 complex allow extensive bypassing of the Chs6p requirement for lateral wall chitin synthesis.
Genomewide transcription profiling of cells exposed to GlcN. Another obvious question was whether treatment of cells with GlcN would lead to transcription of any of the genes found to be "turned on" in strains with mutations affecting cell wall structure, since in both cases there is a major increase in the synthesis of lateral cell wall chitin. Also, we wanted to know whether GlcN simply produces-either directly or indirectly-a cell wall stress. In that case, the transcription profile following addition of GlcN would be similar to that seen, for example, in the fks1 mutant. We designed two experiments. In one, the cells were grown first in YPD medium and then for 1 to 2 h after supplementation with GlcN (to 15 mM). In the other, cells were grown in the presence of GlcN overnight, diluted in fresh medium containing 15 mM GlcN, and again grown to mid-log phase (these are referred to below as cells exposed to "steady-state" conditions). Analysis of genomewide expression was carried out in triplicate in all cases, and the average intensities of the mRNA signals showing a significant change are reported in Table 3 .
Microarray chips used in these studies (GeneChip Yeast Genome S98 Array; Affymetrix) contained approximately 6,200 S. cerevisiae ORFs recognized by the Saccharomyces Genome Database and an additional 600 putative ORFs identified by other methods, such as SAGE (serial analysis of gene expression) analysis. In order to determine how gene expression is differentially altered, we applied the t test, where we assumed a P value of Յ0.02. We selected those genes which had a t of Ն3.7 and also a Ն1.5-fold change from the signal measured for wild-type cells cultured in YPD medium without GlcN. Of nearly 7,000 ORFs, only 105 met the above criteria (complete data sets are available at the National Center for Biotechnology Information under GEO series number GSE441 and on our website [http://dentalschool.bu.edu/research/molecular-faculty/supplemental.html]). Table 3 contains the data set for genes that showed a Ն2-fold change. Surprisingly, we found fewer up-regulated than down-regulated genes. It is somewhat surprising that GlcN has such a moderate effect on the transcription profile, considering its strong stimulation of chitin synthesis. Only four genes (URA4, RIB4, GLN1, and YNL129W) were up-regulated both 2 h after GlcN addition and in the steady state (see our website).
Other genes were virtually unaffected after 2 h of GlcN treatment. The largest functional group of transcripts up-regulated in the steady state represents genes involved in mating, sporulation, and cell cycle arrest. Activation of these genes in the steady state may be a secondary effect of GlcN and an adaptive response to new growth conditions. In the gene transcription pattern there is essentially no overlap (with the exception of   FIG. 6 . UDP-GlcNAc levels in wild-type (WT) and mutant strains grown in the presence of GlcN. UDP-GlcNAc was quantitated from mid-log-phase cultures of the wild-type strain BY4741 and mutant strains 5251 (fks1), 897 (gas1), 3160 (chs3), 3087 (chs4), 5239 (chs5), and 1324 (chs6) grown in YPD medium at 30°C. GlcN was added to 23 mM. Each measurement was done three to five times, and the standard deviation was determined. (Fig. 7A) , although in these two cases chitin synthesis is stimulated to about the same extent. Since most of the overlapping genes are involved in mating and sporulation, this may again be an adaptation to steady-state exposure to GlcN rather than a direct impact of GlcN on their transcription. Steady-state GlcN appears to suppress aerobic respiration, as the largest group of down-regulated genes is composed of mitochondrial respiratory genes. We do not have a rationale for this phenomenon, but in this case also it is predominantly a steady-state effect (Table 3) . We found that the cell stress response genes were among the down-regulated genes, reaffirming that GlcN does not "stress" cells. None of the typical environmental stress response identifiers, e.g., Yap1 and Msn2/ Msn4, which are activated upon any environmental stress (18) , were found in our analysis. As with up-regulated genes, there is little overlap between down-regulated genes in steady-state GlcN-treated wild-type cells and genes down-regulated due to fks1 mutation, with a few exceptions (ZWF1, ISU1, HEM2, YGR101W, TIM1, YOR227W, and PET9) (Fig. 7B) . Further experiments are needed to determine whether these overlapped transcripts represent nonspecific "biological noise" or a true effect. In summary, it appears that GlcN or one of its metabolites must activate chitin synthesis. We assume that the same is true for the chitin synthesis that occurs when Gfa1p is overexpressed. Possible explanations are discussed below. It should be emphasized that although Gfa1p provides GlcN-6-P for UDP-GlcNAc synthesis, this reaction is not required when GlcN is being used as a substrate, and in any case, GFA1 is neither up-nor down-regulated by GlcN addition.
CSIII (Chs3p) enzymatic activity in wild-type and mutant cells. Although it is clear that precursor molecules play an important role in regulating chitin synthesis, the data above show that UDP-GlcNAc concentrations are not the only controlling factor in chitin biosynthesis. It has been reported previously that CSIII activity increases in fks1 cells (16) and in gas1 cells (53) . These reports correlate well with the fact that both strains show elevated levels of chitin. We isolated total cellular membrane fractions and measured CSIII specific activity in wild-type cells and deletion mutants which either had elevated chitin levels (cell wall mutants) or made very little chitin (Fig. 8) . In all cases, when the chitin level was elevated, CSIII activity also increased. The same observation was made for cells grown in the presence of GlcN. A study of the time course of activation by GlcN shows little effect in the first hour of exposure but full activation after 2 h (data not shown). Since treatment with GlcN does not lead to extra CHS3 transcription (see above), we assume that the increase is the result of some type of activation and/or redistribution of the enzyme.
Interestingly, there is a general, although not strictly quantitative, correlation between the amount of cellular chitin and CSIII activity (for comparisons see Fig. 1 and 8 ). All mutants with elevated chitin content also have higher CSIII activities than wild-type cells. Among mutant strains, however, the amount of elevated chitin is not necessarily proportional to CSIII activity. For example, in comparing mnn9 and och1 N- glycosylation mutants, the CSIII activity found for the och1 mutant is higher than that for the mnn9 mutant, although the chitin content of the former is lower. In all mutants which make little chitin (chs3⌬, chs4⌬, chs5⌬, and chs6⌬ mutants), CSIII activity is virtually absent. The low signal probably represents trace activities of other chitin synthases (CSI and CSII). Consistently, our data for strains with chs6 (csd3) deletions have contrasted with those reported by Bulawa (5) , who found wild-type activities of CSIII for the csd3 mutant strain.
Yeast strains defective in proteins involved in cellular trafficking and endocytosis (end4, clc1, and chc1) have an elevated CSIII activity, suggesting that Chs3p has accumulated at the plasma membrane. The next question we posed was whether small precursor molecules might activate CSIII. We measured CSIII enzymatic activity in total membrane fractions in vitro in the presence of added GlcN-6-P, GlcNAc-1-P, GlcNAc-6-P, or GalNAc. None of these metabolites had any apparent stimulatory or inhibitory effect on CSIII activity (data not shown). The only stimulator, GlcNAc, is not actually a chitin precursor or primer (6, 14) and is used in the standard assay at the very high concentration of 80 mM. Its two-to fourfold activation of CSIII is seen in wild-type membranes as well as in membranes of cell wall mutants (data not shown). Activity increases linearly over the GlcNAc concentration range of 0 to 40 mM (data not shown). The mechanism of this effect has yet to be determined.
CSIII (Chs3p) activity in subcellular fractions. Chs3p follows an intricate secretory and endocytotic pathway, which distributes it primarily to the plasma membrane and subcellular compartments. We separated subcellular membranes (devoid of much of the plasma membrane and microsomal fractions due to a precentrifugation step) on a sucrose gradient and then correlated the distribution of Chs3p (by using an anti-Chs3 antibody) with its enzymatic activity. As shown in Fig. 9 , which is representative of four experiments, samples were essentially devoid of plasma membrane as indicated by the distribution of the plasma membrane ATPase Pma1p (3). Chs3p was broadly distributed in the gradient as two peaks, similar to findings reported from previous studies (22, 45, 59 9 . Chs3p localization and activity in subcellular fractions. The total membrane fraction of wild-type cells grown in YPD medium at 30°C and devoid of plasma membrane was separated on a discontinuous (12.5 to 60%) sucrose gradient. Fractions were assayed for CSIII (Chs3p), Gda1p, and GDPase (Gda1p) activities and were probed with antibodies against Chs3p, Pep12p, and Pma1p (upper panel). The remaining pellet (P) contained mostly plasma membrane. Vma2p or Pho8p (data not shown). The peak of Chs3p found at sucrose concentrations of 32 to 35% was in subcellular fractions partially colocalizing with the late endosome marker Pep12p and Golgi GDPase (Gda1p). Chs3p was inactive in those subcellular fractions. However, Chs3p was enzymatically active in fractions with higher sucrose concentrations, with the highest specific activity found in a fraction (43% sucrose) with very little of the plasma membrane marker Pma1p. The Chs3p that was enzymatically active had a higher specific activity in the plasma membrane than in its subcellular fraction, as observed by Lucero et al. (33) . The distribution we observed likely represents the mixed population of vesicles through which Chs3p transits going to and from the plasma membrane. For wild-type cells treated with GlcN, the amount of Chs3p decreased in the intracellular compartments (our unpublished data) and was probably translocated to the plasma membrane, as reflected by the increased CSIII specific activity shown in Fig. 8 .
DISCUSSION
We have confirmed and extended the finding that a great many mutations or conditions that produce cell wall weakening or stress lead to extensive deposition of chitin in the lateral cell wall of S. cerevisiae. The effect seems to be limited to situations that activate the cell wall integrity pathway (24, 43) . For example, careful study of the high-osmolarity glycerol response has shown that induction of this pathway does not affect chitin synthesis (17) . Our genomewide profiling of genes activated by the cell wall integrity pathway is in general agreement with the findings of other studies, showing up-regulation of cell wall proteins, cell wall synthesis genes, and genes of the chitin precursor pathway (23, 24, 50) . It is striking that not all the genes of each functional category are turned on and that levels of activation are different for genes within each category. One finding that is consistent with the observed expression is that those genes that were up-regulated have prominent binding sites in their promoters for the transcription factor Rlm1p (YPD Database). Among the genes induced by fks1 stress is PTP2, encoding a phosphatase that modulates pathway activity (35) . It will be of interest to see whether deletion of this gene leads to extra cell wall chitin deposition, since the null mutant appears to allow exaggerated and even excessive expression of other stress pathway genes.
Activation of the cell wall stress pathway leads to increased chitin synthesis and to up-regulation of the enzymes that synthesize the metabolic precursors of chitin. However, we and Lagorce et al. (28) have shown that increasing flux through the pathway, even without the application of stress, also leads to increased cell wall chitin synthesis. Lagorce et al. (28) used overexpression of GFA1, the first gene in the metabolic pathway. We have made the same observation and have also shown that chitin synthesis can be activated simply by adding GlcN to the growth medium. That stress is not a factor in this situation has been shown by our survey of genes that are activated and repressed following GlcN treatment. Very few genes are up-or down-regulated in common between cells subjected to weakened-cell-wall stress (fks1⌬ mutants) and GlcN-treated cells, and the slight overlap is probably the secondary effect of extra chitin deposition or other minor changes in cell wall metabolism. The fact that cell wall stress is not involved suggests the hypothesis that when stress is applied to the cell, one of the primary responses is activation of the GFA1 metabolic pathway. The proteins or metabolic products of these reactions by themselves (and without other transcriptional changes) are able to increase the rate of chitin synthesis.
In addition to its regulation by cell wall stress, Gfa1p has properties and structural motifs that suggest that it may act in a regulatory manner itself. A global analysis of protein activities using proteome chips (58) has shown that Gfa1p binds in a strong, specific manner to phosphatidyl inositol 3-phosphate [PI(3)P] the phosphoinositide that plays a major role in the activity of intracellular vesicles involved in protein targeting (12) . In the absence of either Vps34p or Vps15p, the proteins required to make PI(3)P, missorting of vacuolar and perhaps other proteins occurs. Biochemical studies localizing the Vps34/15 phosphoinositol kinase suggest a functional role for PI(3)P in membrane trafficking from the Golgi apparatus to the endosome and, by extension, a possible role of Gfa1p in these processes. Gfa1p also has a myristoylation site and possibly a VHS domain (15) , found in the Vps27, Hrs, and STAM proteins (37) . The latter domain is found in proteins associated with endocytosis and/or vesicular trafficking (31) . Both of these motifs as well as the PI(3)P binding activity would allow direct participation of Gfa1p in the trafficking of Chs3p. In their extensive study of subcellular localization of the yeast proteome, Kumar et al. (27) found that Gfa1p has both cytoplasmic and "granular" distribution in the cell. Other specific points concerning the hypothesis that stress leads to activation of the GFA1 metabolic pathway and that the protein(s) or metabolic products by themselves play a major role in activating chitin synthesis are summarized briefly below.
(i) The hypothesis as stated may not be the whole story of weakened-cell-wall stress-induced chitin synthesis, since cell wall stress produces about a twofold increase in the expression of CHS3 and CHS7, genes that are not up-regulated by GlcN treatment. It has been demonstrated that increasing the transcription of these two genes may lead to an increase in the level of Chs3p in the cell (51) . However, it has not been shown whether overexpression of these two proteins together necessarily leads to increased chitin synthesis. Lagorce et al. (28) found that when Chs3p and Chs7p were overproduced in cells also overproducing Gfa1p, no more chitin was made than in cells overproducing Gfa1p alone. This is consistent, however, with Chs4p (which was not overexpressed) limiting the activity of Chs3p (38) . Therefore, the role played by extra transcription of CHS3 and CHS7, although suggestive, is not yet clear. Furthermore, in our studies there is no clear-cut quantitative relationship among in vitro enzymatic activity, stress-related chitin synthesis, and GlcN-stimulated chitin synthesis.
(ii) Given the high levels of chitin synthesized in response to cell wall stress, it might be anticipated that the amount of chitin made would reach a "saturation" level and that addition of GlcN would not bring about further increases. In fact, as shown in Fig. 5A , the increases in chitin levels upon addition of GlcN are roughly the same in wild-type and stressed cells, independent of the level present before GlcN addition. This would suggest that stress and GlcN operate independently. If this is true, it is surprising, since it has seemed probable to us that both have the same basic effect, namely, an increase in the acetylglucosamine phosphate pool. Viewed in another way, if GlcN saturates the soluble precursor pool, then stress must act by other mechanisms to increase chitin synthesis.
Although we and Lagorce et al. (28) found that chitin synthesis is proportional to the cellular level of Gfa1p, the enzyme responsible for the formation of GlcN-6-P, it is clear that UDP-GlcNAc concentrations are increased to only moderately higher levels in mutant strains that are making more than four times as much chitin as wild-type cells. More dramatically, when chitin synthesis is driven not by Gfa1p but by added GlcN, the level of UDP-GlcNAc is actually lowest in cells that show the highest rate of synthesis. It is thus clear that the UDP-GlcNAc concentration alone does not control the rate of chitin formation. In fact, if the intracellular concentration of substrate saturates the enzyme under all conditions (a question to be explored), chitin formation would be independent of the UDP-GlcNAc concentration, barring allosteric and other indirect effects. In summary, since chitin synthesis is proportional to the Gfa1p activity but not to the UDP-GlcNAc concentration, it is likely that either Gfa1p itself (see above) or a GlcN metabolite plays a role in the activity and/or localization of Chs3p.
(iii) Surprisingly, GlcN has only minor effects on gene expression on a whole-genome scale. Only a few genes seem responsive to GlcN treatment, and of these, suppressed genes are prevalent. Down-regulated genes are mostly those of mitochondrial respiration following steady-state GlcN exposure. Thus far, we cannot provide an explanation for this phenomenon. The largest group of up-regulated genes (again only in the steady state) are involved in mating and sporulation. This may well be a secondary effect of accumulated chitin rather than an effect of GlcN itself. Furthermore, upon treatment with GlcN, very few genes show as much as a threefold or higher change; most genes respond at lower levels. From the above we conclude that chitin biosynthesis is regulated by gene expression only to a minor extent and that GlcN likely affects chitin synthesis metabolically without drastically changing gene expression.
(iv) Although GlcN treatment does not increase CHS3 transcription, it does produce a substantial increase in the activity of the enzyme within 2 h. The mechanism of this activation remains to be determined. Changes in cellular location of the enzyme, activation by interaction with Chs4p, or some other type of activation may be involved.
(v) Our vesicle fractionation studies show that both enzymatically active and inactive forms of Chs3p are usually present in the cell. While Chs3p-containing chitosomes have been described (10, 45, 59) , clarification is now needed for whether "active chitosomes" and "inactive chitosomes" would be more appropriate terminology. Because Chs3p activity requires interaction with Chs4p, our results also suggest that Chs4p is present in the active chitosome and is formed in a post-Golgi compartment.
(vi) The CHS3 gene, as well as all the genes responsible for its intracellular movement and localization, is required for both stress-and GlcN-induced chitin synthesis. We find we must revise the previous indication that the targeting gene, CHS6, is not required for stress-related chitin synthesis (40) . Although there is indeed some bypassing of the chs6 mutation in the chs6 fks1 double mutant, this is reflected as an increase in chitin levels of less than 20% of the chitin made in wild-type cells. Interestingly, the chs6 mutation is more prone to a bypass when combined with gas1 mutation. And finally, when the chs5 deletion is combined with gas1 deletion, the bypass is exemplified by restoration of chitin levels to those of wild-type cells.
(vii) Although it is still possible that the metabolic precursors of chitin, GlcN-6-P, GlcNAc-6-P, and GlcNAc-1-P, may bring about some kind of allosteric activation of Chs3p, we
have not yet seen stimulation in vitro. The only effective lowmolecular-weight activator of the enzyme to date is GlcNAc, which is not a metabolic intermediate and which does not serve as a chitin primer (14) .
